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The induced gamma-band EEG response (iGBR) re-
corded on the scalp is widely assumed to reflect syn-
chronous neural oscillation associated with object
representation, attention, memory, and conscious-
ness. The most commonly reported EEG iGBR is
a broadband transient increase in power at the
gamma range200–300ms following stimulus onset.
A conspicuous feature of this iGBR is the trial-to-trial
poststimulus latency variability, which has been in-
sufficiently addressed. Here, we show, using single-
trial analysis of concomitant EEG and eye tracking,
that this iGBR is tightly time locked to the onset of
involuntary miniature eye movements and reflects
a saccadic ‘‘spike potential.’’ The time course of the
iGBR is related to an increase in the rate of saccades
following a period of poststimulus saccadic inhibi-
tion. Thus, whereas neuronal gamma-band oscilla-
tions were shown conclusively with other methods,
the broadband transient iGBR recorded by scalp
EEG reflects properties of miniature saccade dynam-
ics rather than neuronal oscillations.
INTRODUCTION
Seminal studies in cats and monkeys suggested that single
neurons responding to different parts of the same object oscil-
late synchronously at the gamma frequency range (>20 Hz)
(Gray et al., 1989; Kreiter and Singer, 1996). This led to the hy-
pothesis that the neural representation of an object is coded
by synchronous gamma-band activity of populations of neu-
rons that encode different parts and features of that object
(Gray et al., 1989; Kreiter and Singer, 1996). In humans, spec-
tral analysis of EEG, recorded from the scalp, revealed en-
hancement of power at the gamma range at especially two
time windows following the presentation of a stimulus: an early
phase-locked response around 100 ms poststimulus onset
(‘‘evoked’’ gamma-band response) and a late broadband re-
sponse around 200–300 ms, which jitters in latency between
trials and hence does not contribute to the average event-related potential. The latter response is known as ‘‘induced’’
gamma-band response (iGBR) (Pantev, 1995). In apparent
congruity with the neuronal recordings in animals, studies in
humans found that the iGBR was enhanced when parts of
an image were perceptually bound, yielding the perception of
coherent objects (gestalts), relative to when fragments did
not ‘‘bind’’ perceptually (Lutzenberger et al., 1995; Tallon-Bau-
dry et al., 1996). Numerous studies have examined the scalp
iGBR since then and revealed that it is sensitive to various
stimulus characteristics, including object familiarity (Gruber
and Mu¨ller, 2005), the category of the object presented
(Zion-Golumbic and Bentin, 2007), the cross-modal congruity
of object information (Yuval-Greenberg and Deouell, 2007),
conscious detection of an object in a display (Rodriguez
et al., 1999; Tallon-Baudry et al., 1997), and successful mem-
ory encoding and retrieval of objects (Gruber et al., 2004).
Based on the apparent similarity between the early findings
at the neuronal level and recent ones from the scalp, in both
electrophysiological features and sensitivity to cognitive fac-
tors, the current view is that the scalp-recorded transient
iGBR reflects a fundamental neural mechanism in which acti-
vation of a stored representation of an object is reflected in
bursts of synchronous oscillatory activity across a distributed
neuronal network (Herrmann et al., 2004; Keil et al., 2001; Tal-
lon-Baudry and Bertrand, 1999; Varela et al., 2001). As such, it
has been used recently to explore neural object representation
and binding in special populations, such as infants (Csibra
et al., 2000) and patients with schizophrenia (Uhlhaas et al.,
2006).
However, a few lingering questions challenge this interpreta-
tion. First, the EEG iGBR peaks within a window of 200–300 ms
from stimulus onset and appears across studies as a broadband
activity, spanning much of the recordable gamma band. Such
broadband and time-limited power increases are typical of short
transient responses at the single-trial level (see http://www.
dspguide.com/ch10/4.htm) rather than of sustained and peri-
odic oscillatory responses. Second, iGBR is described as
‘‘induced,’’ as opposed to ‘‘evoked,’’ because the response
varies in time across single trials, within the 200–300 ms win-
dow. Whereas this could be an intrinsic property of oscillating
networks, the possibility that the response is time locked to
an event other than stimulus onset has not been adequately
explored.Neuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc. 429
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Induced Gamma-Band Response and SaccadesFigure 1. Average Induced Gamma-Band Response in Experiment 1
(A) Time-frequency plots, calculated by averaging the wavelet transformation of single trials, at CPz electrode, for each of the four conditions, and averaged
across the 13 subjects of experiment 1. The pictures under the plots are representative samples of the stimuli used in each condition. Note the typical iGBR
with a narrow time window and broad frequency (red regions).
(B) Mean of iGBR within a 30–90 Hz 3 200–300 ms window. The within-subject interaction is significant (error bars are not drawn because they would be
noninformative for a within-subject design).
(C) Nose-referenced scalp distribution of iGBR magnitude including ocular channels.
(D) Similar distributions using the average of all electrodes as reference. The maximum of activity is seen around the eyes, but a local maximum (light blue) is also
seen posteriorly.Here, we examined in detail single trials in a typical EEG
experiment evoking a prominent iGBR and complemented the
EEG recording with high-resolution binocular eye tracking. This
approach provided clear answers to these questions: the sin-
gle-trial EEG response that is reflected in the increased gamma
power is indeed of a transient nature rather than a sustained
oscillation; it is tightly time locked to, and in fact coincides
with, the onset of miniature saccades; and its time course
reflects the dynamics of these saccades. This study does not
raise any doubt regarding the important role of gamma-band
activity in neural function, as found especially by intracranial
recordings (Canolty et al., 2008; Gray et al., 1989; Lachaux
et al., 2005; Tallon-Baudry et al., 2005; Varela et al., 2001;
Womelsdorf et al., 2006) and under certain conditions by MEG
(Hoogenboom et al., 2006; Vidal et al., 2006; Wyart and Tallon-
Baudry, 2008). However, we conclude that the broadband and
transient scalp-recorded EEG iGBR, which was the basis for
most of the recent theories relating iGBR to high perceptual
and cognitive functions, mirrors eye movements following the
display of a new image, rather than neuronal oscillation.430 Neuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc.RESULTS
Experiment 1—Group Analysis
The experiment aimed originally to find out whether iGBR is
modulated mainly by structural coherence of object parts
(gestalt) or by the ability of subjects to recognize a familiar object.
Drawings of common objects were presented, and subjects (n =
13) had to press a button at the occurrence of a rare target. The
objects were masked with 2 wide or 30 narrow bars, and the vis-
ible parts either remained in place or were shuffled and rotated,
to impair the gestalt (Figure 1A; Experimental Procedures). A pi-
lot experiment showed that the Incoherent 30 bars images (Inco-
herent-30) could not be recognized, whereas the other images
(Coherent-2, Incoherent-2, Coherent-30) were recognizable.
Standard induced-gamma analysis (Tallon-Baudry and Ber-
trand, 1999; see Experimental Procedures) revealed a typical
iGBR at 200–300 ms poststimuli, with a wide distribution maxi-
mal at electrode CPz (Figure 1C). Across subjects, the increase
in gamma-band power was significant compared to the baseline
(p < 0.01) in all conditions except Incoherent-30, in which it was
Neuron
Induced Gamma-Band Response and Saccadesmarginal (p = 0.06). Two-way ANOVA with factors Bars (2/30)
and Coherence (Coherent/Incoherent) revealed a significant
main effect of Bars [F(1,12) = 25.05, p < 103] and a significant
interaction [F(1,12) = 13.13, p < 0.01; Figures 1A and 1B]. The
interaction was due to the fact that the number of bars did not
Figure 2. Samples of Single Trials Produc-
ing a Gamma-Band Response
Typical trials from the data of subject LB (A–C) and
EB (D–F) in experiment 2. Note that subject EB
participated also in experiment 1, which imple-
mented the same paradigm, albeit without eye
tracking, and elicited similar EEG findings. For
each trial, the top panel is the time-frequency
spectrogram of channel CPz. The two traces be-
low show the EEG with two filter settings. Finally,
the left eye horizontal and vertical position traces
are displayed. Time zero is the image onset. Al-
though most of the saccades were very small,
each saccade is accompanied by a peak in the
EEG trace and in the time-frequency plot.
affect the iGBR in the coherent conditions
[Coherent-2 versus Coherent-30, t(12) =
0.377, p = 0.71], whereas the Incoher-
ent-30 (meaningless) images elicited
a significantly smaller response than the
Incoherent-2 images [t(12) = 5.23,
p < 103]. Thus, this study elicited a typi-
cal iGBR, which was sensitive mostly to
object recognition.
Single-Trial Morphology
Increase in gamma power across multiple
frequencies could be seen in many sin-
gle-trial CPz spectrograms, at the iGBR
time window (see Figure S1 available
online). At the same time, the broadband
EEG signal typically revealed a short, high-
amplitude spike (Figure 2; Note that for
space limitations, the figure depicts trials
from experiment 2, which implemented
an identical paradigm and elicited similar
findings). When filtered at the 30–100 Hz
band, the same spike seems to be ac-
companied by additional oscillation, due
to ‘‘ringing’’ of the filter when excited by
a short impulse (Yeung et al., 2004; and
see below). The spikes were not limited
in time to the iGBR window of 200–
300 ms. Nevertheless, there was a clus-
tering of spikes at this window, preceded
by relative quiescence between 100–
150 ms (Figure 3). Furthermore, as shown
by Figure 3, the rate of spikes in the iGBR
window corresponded with each sub-
ject’s average iGBR magnitude. This
strongly suggests that the iGBR is the
spectrographic reflection of the spikes in the EEG.
Distribution of the iGBR
EEG scalp distributions depend on the reference electrode. Us-
ing the nose as reference, we find the typical broad distributionNeuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc. 431
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Induced Gamma-Band Response and Saccadesof the iGBR (Busch et al., 2006; Tallon-Baudry et al., 1996;
Yuval-Greenberg and Deouell, 2007; Zion-Golumbic and
Bentin, 2007) with maximum at the parieto-occipital electrodes
and with a minimum around the eyes (Figure 1C). Referencing
the data to the average of all electrodes (scalp and ocular)
shows a parieto-occipital local maximum diminishing toward
frontal electrodes, as previously described (Busch et al.,
2006). However, much stronger activity is in fact observed
around the eyes (Figure 1D). This would be missed with tradi-
tional displays that include scalp but not eye channels (Busch
et al., 2006).
Experiment 2—Eye Movements Correlated
with the iGBR
To investigate the source of the single-trial spikes, we used
video-based eye tracking and EEG, recorded simultaneously
in three subjects, using the same paradigm. Typical for fixational
eye movements, the eye movement pattern in most trials
consisted of periods of small-amplitude jitter (known as drift),
separated by fast very small saccades (Engbert, 2006; Marti-
nez-Conde et al., 2004; see Figure 2 and Figure S2). We used
a published algorithm (Engbert and Kliegl, 2003) to detect and
quantify binocular saccades in the eye-tracker data (see Exper-
imental Procedures). Saccades were found within the epoch
surrounding the iGBR window (150–350 ms) in 78%, 27%, and
62% of the trials in our three subjects. Almost all of the saccades
(96%) were smaller than 100 minutes of arc (1.6), and most
were smaller than 1 (Figure S3). Figure 4A shows raster plots
of saccade onsets for all trials (collapsed across conditions)
for the three subjects. For all subjects, saccade rate drops to
near quiescence around 100–150 ms following stimulus onset
and rebounds to a peak between 200–300 ms, corresponding
to the distribution of the spikes seen in the EEG (Figure 4B).
Next, we examined the trial-by-trial latency correspondence be-
tween the saccade onsets and the EEG peaks. For each subject,
Figure 3. Spike Rates in the High-Pass-Filtered EEG
Raster plot (A) of EEG spikes in 13 subjects of experiment 1.
Each row in the plot represents one trial. Each black dot rep-
resents an EEG peak of above three standard deviations from
the mean of the filtered (30–100 Hz) EEG data, calculated sep-
arately for each subject. Subjects are separated by alternate
shading. The histogram (B) shows the average spike rate
across trials and subjects calculated within consecutive 20 ms
bins. Note the decrease in spike rate around 100–150 ms and
the ensuing increase. For individual subjects, iGBR magnitude
within the 200–300 ms 3 30–100 Hz range (C) is larger for
subjects who show a larger clustering of spikes within the
200–300 range.
the onset latency of the largest saccade occurring
within the 150–350 ms window of each trial was
determined, and both the eye movement traces
and the filtered EEG traces were sorted by the
latencies of these saccades (Figures 4C and 4D).
Clearly, sorting by saccade latency resulted in
ordering the EEG peaks by their latency as well.
Congruently, the correlation between the latencies
of the saccade onsets and the EEG peaks within the iGBR window
was very high (Pearson r = 0.85, 0.84, 0.84, for the three subjects,
p < 1027 in all cases). This trial-by-trial correlation confirms a tight
relationship between the saccades and the spikes.
iGBR with and without Saccades
Is the occurrence of saccades necessary for the generation of
the iGBR? We separated the EEG trials for each subject into
two groups based on saccade presence or absence at the
iGBR time window. To avoid biasing the comparison, we ran-
domly selected from the larger of the two groups of trials a subset
of trials, the same size as the smaller group. However, the same
pattern of results described below was also obtained if we took
all trials in each group into account. Figure 5 shows that the iGBR
is present and larger (relative to all trials combined) if only trials
with saccades are included and is completely absent when only
trials with no saccades are included. This was true for all condi-
tions and subjects. To confirm this statistically, we sampled the
mean gamma magnitude at a window of 30–100 Hz and 200–
300 ms of every trial and tested whether there was a significant
difference between trials with and without saccades using a
mixed-model ANOVA with condition and saccade presence as
fixed factors and subjects as random factor. This analysis con-
firmed a significant effect of saccade presence [F(1,2) = 38.37,
p < 0.05]. Further, for every individual subject the increase in
gamma was significant for trials with saccades (paired two-tailed
t tests compared to the baseline, p < 103, Bonferroni corrected
for multiple comparisons), and never for trials without. Without
saccades, the gamma magnitude was in fact significantly reduced
in two subjects (p < 0.01, corrected) and insignificantly reduced
in the third. This reduction is to be expected considering that the
magnitude of the iGBR was measured against a prestimulus
baseline, in which saccades could be present. Notably, one of
the subjects (AM, Figure 5) showed nonsignificant iGBR increase
(p = 0.54) when all trials were included, as in the traditional432 Neuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc.
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Induced Gamma-Band Response and SaccadesFigure 4. Correlation between Miniature
Saccades and EEG Data
(A) (Top) Raster plots of saccade onsets in all trials
of each subject in experiment 2. Each row repre-
sents one trial. The black dots represent the
onsets of saccades detected by binocular eye
tracking. (Bottom) The histograms represent the
saccade rate (per second) calculated in 20 ms
bins. The red line is the smoothed time course of
the saccades’ rate. The black horizontal lines
across the histograms represents the mean rate
at baseline (300 to 0 ms), and the dashed blue
lines represent deviations of ±2 SD from the mean.
(B) Similar plots for EEG peaks (amplitudes
exceeding 2 SD of the mean for each subject).
The red line over the histogram is the smoothed
time course of the saccade rate (copied from [A]).
Note the similarity between the time courses of
the EEG spike rates and the saccade rates.
(C) Trials sorted by the onset latency of the largest
saccade within a 150–350 ms window. Data from
the three subjects are shown, corresponding to
(A) and (B). The top plots present the horizontal
eye movement velocities for all trials. Each row in
the plots represents one trial. The color represents
the velocity of the eye movement at the horizontal
axis. Trials where no saccades were found are
plotted at the top, above the horizontal white
divider. The black curved line connects the points
of saccade onsets. The bottom plots present the
EEG trials, filtered at 30–100 Hz, for each subject,
sorted by their saccade onset latencies (same
order as in the top plots). Color denotes voltage.
Positive\negative EEG spikes are seen as red\blue
dots. The curved black lines, representing sac-
cade onsets, were copied from the corresponding
top plots to demonstrate tight temporal corre-
spondence between saccade onsets and EEG
spikes. The Pearson r values represent the corre-
lations between the latency of the maximum
peak in the filtered (30–100 Hz) EEG data and the
onset of the largest saccade at 150–350 ms, for
each subject. All correlations presented are signif-
icant.
(D) Enlargement of the area marked by a dashed
frame in panel (C). See explanation to panel (C).analysis scheme. This subject had relatively few saccades in the
iGBR window (less than 30% of trials, Figures 4A and 4C). When
only the minority of trials with saccades were included, a clear
and significant (p < 105) iGBR emerged. Thus, it seems that
iGBR depends on the presence of small saccades.
The Saccade-Related Potential
Because the spikes underlying the iGBR were found to be time
locked to the saccades, we realigned the EEG trials around the
saccades onset. EEG trials with no saccades were not included
in this analysis. Figures 6B and 6C show the signal across trials at
CPz (nose reference), revealing a consistent saccade-related re-
sponse, both in the broadband and in the narrow-band filtered
data. As described above, the oscillation around the peak in
the narrow-band filtered data is due to ‘‘ringing’’ of the filter
(Figure S4). The saccade-related potential (SRP) has a sharppositive peak with mean latency across all trials of 3.7 ms (SD =
3.12) after the saccade onset, followed by a slower negative
component. This pattern was nearly identical across subjects
and conditions (Figures 6B and 6C, waveforms). The distribution
of the average SRP shows a dipolar distribution with oppo-
site polarity peaks at occipital sites and around the eyes
(Figure 6D). To test the possibility that the source is in the orbits,
we modeled the epoch of 0–6 ms, surrounding the SRP peak, av-
eraged across subjects, by fixing an equivalent current dipole in
the center of each eyeball and allowing the dipoles to freely ro-
tate in an iterative search using BESA software. The best model
explained over 98% of the scalp variability (Figure 6E).
Effect of Experimental Conditions on Saccades
Concluding that iGBR can be accounted for by the pattern of
saccades, the question turns into whether and how differentNeuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc. 433
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saccades. The above analysis indicated that the presence of
saccades is the major determinant of the strength of gamma
magnitude at the single-trial level. Thus, conditions that elicit
more or fewer saccades will induce, on average, stronger or
weaker iGBR, respectively. Figure 7 shows indeed that there
were fewer saccades in the Incoherent-30 than in the Incoher-
ent-2 condition, whereas this difference is smaller and less
consistent for the coherent conditions. This is congruent with
the interaction reported for the iGBR in experiment 1 between
the number of Bars and Coherence, and was replicated in exper-
iment 2 [F(1,2) = 31.43, p < 0.05; subjects as random factor].
In addition to the number of saccades, specific saccadic char-
acteristics may also influence the iGBR. For example, analysis of
covariance (ANCOVA) showed a significant effect of saccade
amplitude on the iGBR [F(1,1198) = 122.24, p < 1026]. These
characteristics may vary depending on the condition: a larger
saccade amplitude difference was found across the number of
bars (2 versus 30) in the Incoherent conditions compared to
the Coherent conditions (Figure 7). ANOVA with saccade ampli-
tude (restricted to trials with detected saccades) as dependent
variable, Bars and Coherence as fixed variables, and subjects
as random variable confirmed this interaction [F(1,17) = 64.18,
p < 106]. Figure 7 shows that this pattern was repeated
in each individual subject. Further, examining the pattern of
standard iGBR (i.e., including trials with and without saccades)
suggested a reliable correspondence between the iGBR and
the weighted average of saccade amplitudes, combining the
saccade amplitude and the proportion of saccade trials in each
condition (Figure 7). Thus, the variability of the iGBR as a function
of condition could be accounted for by the effect of condition on
saccades.
Figure 5. iGBR with and without Saccades
(Top row) Induced time-frequency CPz spectro-
grams for each subject, calculated by averaging
the wavelet transformation of all single trials
(collapsed across conditions) of that subject. (Mid-
dle row) Same plots, restricted to trials in which
a saccade occurred at the time window of
150–350 ms, according to the eye-tracking data.
(Bottom row) Same plots, but restricted to trials
in which no saccade occurred at the 150–350 ms
time window. The number of averaged trials in
these images was equal in the ‘‘with’’ and the
‘‘without saccades’’ groups (Experimental Proce-
dures). The p values presented were calculated
by two-tailed t test of the mean of the 30–100 Hz
and 200–300 ms window of each iGBR against
baseline. Red numbers, iGBR significantly above
baseline; blue, significantly below baseline; black,
no significant difference.
Experiment 3—Unmasked Objects
The iGBR elicited in our experiments by
partially masked stimuli replicated in
every aspect (latency, frequency band,
topography) the iGBR reported previ-
ously by us and in many other studies
using intact stimuli (Busch et al., 2006; Gruber and Mu¨ller,
2002; Yuval-Greenberg and Deouell, 2007). It is thus unlikely
that the correlation between the iGBR and saccades is unique
to the present conditions. Nevertheless, we conducted a third
experiment testing four more subjects with the same stimuli
used in the first two experiments, but without any masking. In
this experiment, we also presented pictures of faces and
watches that were previously used for an iGBR study (Zion-
Golumbic and Bentin, 2007). The unmasked objects produced
the same pattern of results reported above for the masked ob-
jects, including poststimulus modulation of saccade rate, tight
correlation between saccade onset and spike latency (r > 0.75,
p < 105 for all subjects), a typical SRP (Figure S5), and the con-
spicuous difference between trials with and without saccades
(Figure 8). A mixed-design ANCOVA of the iGBR in the 200–
300 ms, 30–100 Hz window, with saccade amplitude as a contin-
uous variable and subjects as a random factor, confirmed a
significant effect of saccades [F(1,316) = 62.26, p < 1013]. At
the individual level, no subject elicited a significant iGBR en-
hancement compared to the baseline for trials with no saccades,
whereas all but one subject elicited a significant increase for tri-
als with saccades (paired t tests, p < 0.05). This subject made in
fact very few saccades, no more in the critical window than in the
baseline period (i.e., did not show the typical rebound).
Experiment 3—Faces and Watches
Faces and watches elicited altogether a weaker iGBR than
objects (Figure 8). However, as for objects, separating trials
into those with and without saccades showed a stronger iGBR
when saccades were present than when saccades were absent
(Figure 8). Further, the same mixed-design ANCOVA (see previ-
ous paragraph) revealed that for both faces and watches434 Neuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc.
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12.33, p < 0.01; Watches: F(1,280) = 4.32, p < 0.05]. Again, in
no subject or condition was there a significant iGBR enhance-
ment without saccades.
For all subjects but one (the same subject who did not show
a significant response to objects), the iGBR for objects, in trials
with saccades, was largest, followed by the iGBR for faces,
with the iGBR for watches being the smallest. Congruently, in
all four subjects, the amplitudes of the saccades recorded
for faces (mean = 32.55 min.arc., SD = 13.39) and watches
(29.2 min.arc., SD = 7.87) were considerably smaller than those
recorded for objects [55.54 min.arc., SD = 7.96; F(2,8) = 39.84,
p < 104, with subjects as random factor; Figure S6]. This is
consistent with the hypothesis that experimental conditions
affect iGBR through their effects on saccade characteristics.
DISCUSSION
The scalp-recorded iGBR, a typical enhancement of broadband
gamma power200–300 ms following the onset of the stimulus,
has been used extensively as an EEG measure for synchronous
neural oscillation, an approach that we previously adhered to
(Yuval-Greenberg and Deouell, 2007). Here, we showed how-
ever that the most likely source of this iGBR is ocular rather
Figure 6. Saccade-Related Potential
(A) Average absolute horizontal and vertical left
eye position plots (eye-tracker data), time locked
to the onset of saccades occurring between 150
and 350 ms post stimulus onset. Time 0 in this
figure indicates saccade onset. Trials without sac-
cades are not included.
(B) (Top) EEG data (0.5–256 Hz) of subject LB, time
locked to saccade onset. Each row represents
one trial. Color denotes voltage. Trials without
saccades are not shown. (Bottom) The saccade-
related potential for the three subjects in experi-
ment 2 (LB, blue; AM, red; EB, black) calculated
by averaging across all trials time locked to the
saccade onsets.
(C) Same as (B) for EEG band-pass-filtered data
(30–100 Hz).
(D) Grand average scalp distribution of the sac-
cade-related potential, at the peak of the SRP,
4 ms post saccade onset. Scales fitting for nose
reference and for average reference are provided.
Note the similarity between the distribution of the
saccade-related potential and the distribution of
the iGBR seen in Figure 1.
(E) Dipole model for the peak of the saccade-
related potential. Two ocular dipoles explain
>98% of the distribution variance.
than neuronal. Our argument is based
on the following experimental findings.
(1) At the single-trial level, trials that
have increased activity in the appropriate
spectrotemporal window were essentially
the same trials that had saccades within
the same time window; (2) these trials
had a saccadic spike potential tightly
locked in time to the saccade, whose scalp distribution was con-
sistent with that of the iGBR; (3) the rate of the saccades
increased in the iGBR time window, and the iGBR magnitude
correlated with this rate-increase across subjects and condi-
tions; and (4) trials that did not have a saccade did not contribute
to the apparent iGBR. These findings strongly suggest that at the
single-trial level the iGBR is the spectral representation of a sac-
cade-related spike potential. Finally, (5) experimental conditions
that were shown to modulate iGBR affected saccadic parame-
ters such as their number and amplitude. This finding suggests
that variations in average iGBR across experimental conditions
are due to the effect of experimental condition on the saccades.
Gamma-Band Responses Are Coincident with Saccades
The transient increases in gamma power on the posterior scalp,
which sum up to make the iGBR, are the spectral equivalents of
spike potentials seen in the broadband (0.5–256 Hz) EEG. When
high-pass filtered, these events appear as brief oscillations
(Tallon-Baudry et al., 1996, 1997), which we suggest is due to
the filter characteristics (Yeung et al., 2004) (Figure S4). The
spike potential is identical in morphology and topography to
the presaccadic (known also as saccadic) ‘‘spike potential’’
(SP), described in depth in the literature of saccade-related
potentials (Riemslag et al., 1988; Riggs et al., 1974; Thickbroom
and Mastaglia, 1985, 1986, 1987). Congruently, the eye-trackingNeuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc. 435
Neuron
Induced Gamma-Band Response and SaccadesFigure 7. Correspondence between Experi-
mental Effects on Saccades and iGBR in
Experiment 2
Proportions of trials with saccades within the 150–
350 ms window, out of all trials; mean amplitude of
saccades in trials with saccades; mean amplitude
of saccades weighted by the proportion of sac-
cade trials (= proportion 3 mean amplitude) and
mean iGBR across all trials (with and without sac-
cades) in the three subjects of experiment 2, com-
paring the experimental factors. Scales were ad-
justed for each subject, to emphasize the pattern
of interaction. For iGBR magnitude, the interaction
between Coherence and number of bars repli-
cates the results of experiment 1. Note the corre-
spondence between the iGBR pattern and the
weighted amplitudes.data showed that the spike is coincident with the onset of a sac-
cade. This confirms previous suggestions connecting the iGBR
with microsaccades or with the SP, which were not backed by
eye tracking (Reva and Aftanas, 2004; Trujillo et al., 2005). The
SP has a dipolar distribution, with a strong negative pole in peri-
ocular electrodes and a weaker but more widespread positive436 Neuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc.pole at the posterior part of the head (Thickbroom and Mastaglia,
1985; Figure 6). Notably, this distribution fits precisely the dis-
tribution of the iGBR (Figure 1). In our data, the SP peak occur-
red 4 ms post saccade onset, whereas previously it was des-
cribed 7 ms prior to saccade onset. This difference could be
due to more sensitive criteria for the detection of saccade onset,Figure 8. iGBR with and without Saccades
in Experiment 3
Time-frequency plots produced by averaging
wavelet transformation of single trials for all trials
(top), saccade trials only (middle), and no-saccade
trials (bottom); see Figure 5 legend. Plots are
shown for each type of stimulus (collapsed across
subjects). The bar graphs below demonstrate the
iGBR magnitude (mean and standard error across
subjects, of 200–300 ms 3 30–100 Hz window).
Note the lack of iGBR within the window marked
by the vertical bars with no saccades and the aug-
mentation when only saccade trials are included,
for all categories.
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offline saccade-detection algorithms (Engbert and Kliegl, 2003).
The distribution of the SP, the very short lag between the SP
peak and the saccade onset, and the fact that it is unaltered
by massive cerebral lesions (Thickbroom and Mastaglia, 1985)
suggest an ocular source. The SP has the same polarity all
around the eye, and so it does not reflect the actual rotation of
the eyeball with its corneo-retinal potential dipole. SPs are
obtained in complete darkness (Riggs et al., 1974) and in
patients with an eye prosthesis still connected to preserved
muscles (Thickbroom and Mastaglia, 1985), ruling out a retinal
source. In contrast, patients with ocular muscle weakness or
with complete removal of the orbit’s contents due to tumor
have reduced SPs (Boylan and Ross Doig, 1989; Thickbroom
and Mastaglia, 1985). Thus, SP is believed to result from con-
traction of extraocular muscles (Blinn, 1955; Picton et al.,
2000; Riggs et al., 1974; Thickbroom and Mastaglia, 1985, 1987).
SP amplitudes and distribution depend on the amplitude and
direction of saccades (Armington, 1978; Riemslag et al., 1988;
Thickbroom and Mastaglia, 1986). Other parameters of the sac-
cades, including acceleration rate, may also be relevant. Thus,
changes in saccade pattern, due to experimental conditions,
would change the measured SP. We suggest that this relationship,
together with the rate of saccades, underlies the differences found
in the average iGBR between different experimental conditions.
The Characteristics of the Saccades
With rare exceptions (<4%), the saccades observed here were
small (<1.66; see Figures S3 and S6) and most were of less
than 1. These saccades fall into the categories of microsac-
cades and saccadic intrusions. Microsaccades (Engbert, 2006;
Martinez-Conde et al., 2004) are small saccades (mostly less
than 0.5) occurring involuntarily during fixation (although they
may be voluntarily suppressed for a short while under special
conditions, such as threading a needle, e.g., Winterson and Col-
lewijn, 1976). While their functional utility has been questioned
(Kowler and Steinman, 1980), recent findings suggest their im-
portance for counteracting the fading of stable images on the ret-
ina, especially in the periphery (Martinez-Conde et al., 2006), as
well as for fine visual discrimination (Rucci et al., 2007). Saccadic
intrusions are somewhat larger involuntary saccades (but still
mostly below 1), which deviate away from fixation, usually along
the horizontal dimension. They are generally thought to be brief
failures to comply with instruction to fixate (Abadi and Gowen,
2004). The kinematics of these two types of eye movements
are similar, and their amplitudes overlap, hence it is difficult to
label an involuntary saccade as one type or the other, and in
fact the distinction itself is doubtful (Gowen et al., 2007). Here,
we refer to them collectively as ‘‘miniature saccades.’’
Several characteristics of these saccades are pertinent here.
First, their amplitude is small, such that the changes they pro-
duce on EOG channels, especially with nose reference, would
be below the customary ocular artifact rejection criteria used in
EEG research. For example, to avoid contamination by eye
movements, Tallon-Baudry et al. (1996) have calibrated their
EOG artifact criteria specifically to eye movements of 1. This
would miss more than 75% of the miniature saccades (see Fig-
ures S3 and S6). In the majority of other studies, includingours, predetermined criteria (e.g., EOG < ±100 mV) are used,
which would miss even more saccades. Importantly, eye move-
ments are commonly sought in bipolar derivations of EOG
channels (i.e., left minus right or superior versus inferior orbital
channels), which maximize potentials originating from the
retino-corneal dipole but minimize the SP.
Second, the presentation of the visual stimulus generates
a stereotypical modulation of saccade rate, as previously
reported for both micro- and macrosaccades (Engbert, 2006;
Engbert and Kliegl, 2003; Reingold and Stampe, 2002; Rolfs
et al., 2004; Turatto et al., 2007; Valsecchi et al., 2007; see
Figure 4A): following a lag of about 100 ms, the saccadic rate
drops significantly below baseline (‘‘saccadic inhibition’’), then
rebounds with an increase above baseline rate (200–300 ms),
and finally returns to baseline or below. Auditory stimuli may
induce the same pattern (Rolfs et al., 2005). These temporal
dynamics explain why the average iGBR is typically reported at
the time window of 200–300 ms following stimulus onset: this
is the time when the saccadic rate exceeds the baseline. In
fact, a less described result that is obvious in many iGBR papers’
figures is a decrease in power prior to the iGBR (Gruber and
Muller, 2005; Zion-Golumbic and Bentin, 2007), consistent with
the saccadic inhibition phase.
Third, although the rates of the involuntary saccades show
these typical modulations, their precise times of occurrence
are stochastic (Engbert, 2006). This explains the large latency
jitter of the saccadic spikes relative to the stimulus onset, which
is responsible for the ‘‘induced’’ (rather than ‘‘evoked’’) nature of
the average iGBR.
Fourth, stimulus and task characteristics affect the latency of
the saccadic inhibition-enhancement sequence (Reingold and
Stampe, 2002; Valsecchi et al., 2007), the magnitude of en-
hancement (Engbert and Kliegl, 2003), the direction of saccades
(Engbert and Kliegl, 2003; Rolfs et al., 2004; Turatto et al., 2007),
and their amplitudes (Gowen et al., 2005). Importantly, both
endogenous and exogenous attention affect microsaccade
and saccadic intrusion rate and direction in a complex way (Eng-
bert and Kliegl, 2003; Gowen et al., 2005, 2007; Hafed and Clark,
2002; Laubrock et al., 2005; Turatto et al., 2007). We demon-
strated here that the amplitudes and rate of saccades varied
across conditions, and this was reflected in the modulation of
the iGBR (cf. Trujillo et al., 2005). For example, faces and
watches elicited consistently smaller iGBR and smaller sac-
cades than the other objects, at the critical temporal window.
This could be because the categories of faces and watches
repeated many times, whereas ‘‘objects’’ varied considerably
in category (Gruber and Muller, 2002). The increased novelty
might have increased the saliency of object parts, increasing
saccade rate and amplitude (Figure S6). Higher-order, top-
down effects could also be at play. Regardless of the precise ex-
planation, we conclude that the fact that many stimulus and task
factors affect microsaccades and saccadic intrusions could ex-
plain the experimental effects previously associated with iGBR.
Relation of the Current Conclusions to Neuronal
Gamma Activity
Our findings apply uniquely to the scalp-recorded EEG iGBR with
its typical characteristics (narrow time window, broad frequencyNeuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc. 437
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brain and is crucial for its function (Canolty et al., 2008; Gray
et al., 1989; Varela et al., 2001; Womelsdorf et al., 2006). While
MEG may also be affected by eye movements (Katila et al.,
1981), recent MEG studies have reported induced gamma-
band responses that were different in latency, duration, and
distribution from the EEG findings (Hoogenboom et al., 2006;
Vidal et al., 2006; Wyart and Tallon-Baudry, 2008) and therefore
were most likely not due to the microsaccade effect described
here. A few intracranial human studies have also found induced
gamma-band activity, which is not expected to be contaminated
by ocular muscle activity, in response to both auditory and visual
stimulation (Lachaux et al., 2000, 2005; Tallon-Baudry et al.,
2005; Trautner et al., 2006). Critical differences in the induced
gamma activities measured by intracranial as opposed to
scalp-recorded EEG make it unlikely that the two measurements
reflect the same activity. Compared to the scalp EEG iGBR, the
intracranial activity started earlier (Tallon-Baudry et al., 2005;
Trautner et al., 2006), had longer duration (Lachaux et al.,
2005; Tallon-Baudry et al., 2005; Trautner et al., 2006), higher fre-
quencies (Tallon-Baudry et al., 2005), and highly constrained dis-
tribution (Lachaux et al., 2000; Tallon-Baudry et al., 2005) or it
was insensitive to experimental manipulations (Lachaux et al.,
2000). Whereas it is possible that cortical induced gamma activ-
ity can be measured with scalp EEG, this might have been
obscured by the larger effect induced by eye movements.
Conclusions
While gamma-band activity likely plays an important role in brain
processing, for the scalp-measured EEG iGBR, with its typical
spectrotemporal characteristics, we suggest the following sce-
nario. Most studies reporting iGBR present a stimulus following
a fixation period. The appearance of a new stimulus (frequently
with no explicit fixation point) starts the saccadic inhibition-
enhancement sequence, involving mostly very small saccades
of the microsaccade and intrusion type. Saccades are invariably
accompanied by the spike potential, which, because of its short
duration, translates into a relatively wide-band high-frequency
activity in the spectral domain. The duration and magnitude of
saccade rate enhancement, and the characteristics of saccades
during this period (amplitude, duration, acceleration, direction),
depend on the stimuli and the tasks in various ways. These
parameters determine the strength of the iGBR on the scalp.
Thus, the most commonly reported iGBR, maximal around
200–300 ms, with a broad frequency spectrum, is a product of
eye movements, probably of muscular origin, and not a direct
measure of neuronal oscillations.
EXPERIMENTAL PROCEDURES
Subjects
In the first experiment, EEG was recorded in 13 subjects (seven females, six
males, mean age 22.2, eight right-handed, four left-handed, and one ambidex-
trous). In experiment 2, simultaneous EEG and binocular eye movements were
recorded from two new subjects (LB, right-handed female, age 21; AM, right-
handed female, age 21) and one subject who participated in the first experi-
ment as well (EB, left-handed male, age 23). In the third experiment, eye
tracking and EEG were recorded simultaneously from six new subjects. Two
subjects were rejected from analysis: one due to poor task performance438 Neuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc.(50% accuracy) and the other due to technical failure of the eye-tracker re-
cording (mean age of the remaining four subjects was 24.5, two females,
two males, three right-handed). All subjects were students of the Hebrew Uni-
versity of Jerusalem who participated in this study in exchange for a fee or for
course credits. They were all naive regarding the purpose of the study. All
reported normal or corrected-to-normal vision with no history of neurological
problems. The study was approved by the ethical committee of the Depart-
ment of Psychology at the Hebrew University of Jerusalem. All subjects signed
an informed consent form.
Stimuli
The first experiment and its stimuli were originally designed to examine the
effects of gestalt perception and object meaning on the iGBR. The same stim-
uli, shown to produce large iGBR, were included in the second experiment as
well. The stimuli were constructed out of Rossion et al.’s drawing set (Rossion
and Pourtois, 2004; downloaded from http://titan.cog.brown.edu:8080/
TarrLab/stimuli/objects/svlo.zip/download). This stimuli set includes drawings
of the same objects as Snodgrass and Vanderwart’s set (Snodgrass and Van-
derwart, 1980) but with added gray-level texture and surface details. A subset
of 133 objects were chosen from this set and manipulated in four different
ways (Figure 1). First, each stimulus was masked by two horizontal or vertical
(depending on the object’s orientation) bars of 0.65 width in the background’s
color, splitting the picture into three sections (Coherent-2 condition). Second,
these three section were shuffled randomly and then rotated alternately either
vertically or horizontally (Incoherent-2 condition). The same two manipulations
were repeated, but this time with 30 thin bars of 0.04 width instead of two wide
bars (Coherent-30 and Incoherent-30 conditions) such that the overall lumi-
nance of the images masked by 2 or 30 bars was similar. Seventeen (out of
133) objects were drawings of clothing items (e.g., shirt, trousers), which
were defined as targets. Each object was presented once in each condition.
The stimuli were presented in grayscale on a light-gray background on
a CRT monitor with resolution of 1024 3 768 pixels and refresh rate of 100 Hz
and from the subjects’ viewing distance were seen at a maximal visual angle of
5.6 (width) 3 3.7 (height).
In order to examine the generality of the findings, three different types of
stimuli were used in the third experiment. One hundred and four objects
from Rossion et al.’s drawing set were presented in grayscale, but this time
in their original form without the masking bars. In addition, 104 different faces
and 104 different watches were included (Zion-Golumbic and Bentin, 2007;
these stimuli were kindly provided by S. Bentin and were reduced in size rela-
tive to their original use to match the object stimuli). Sixteen drawings of cloth-
ing items out of Rossion et al.’s set, presented twice for each subject, were in-
cluded as targets. All other stimuli appeared only once during this experiment.
Procedure
Subjects sat in a dimly lit room at a distance of 100 cm (experiment 1) or 60 cm
(experiments 2 and 3, including eye tracking) from the monitor presenting the
stimuli. Stimuli sizes were adjusted to span the same visual angles across ex-
periments. The first and second experiments included seven blocks (each con-
taining 66–68 standards and 8–10 targets), and the third experiment included
four blocks (each containing 86 standards and 8 targets). The stimuli of the dif-
ferent conditions were mixed within blocks in random order. In all experiments,
trials started with a fixation-cross presented for a random period of 1.5–2.5 s,
followed by the stimulus, which was presented for 500 ms. Subjects were in-
structed to respond by pressing a button at the appearance of a target (clothing
item). Target trials were not included in EEG or eye tracking analysis. A response
was considered accurate only if it was given before the presentation of the suc-
cessive stimulus. In experiments2 and 3, a calibrationof the eye-tracking device
was done before the experiment and repeated between blocks. The experiment
was generated and controlled using E-Prime version 1.3 (Psychology Software
Tools, Inc., USA). The experimental program sends a TTL pulse at the onset of
each stimulus. The pulse was split and fed into the EEG and eye-tracking sys-
tems to provide synchronization signals between the three systems.
EEG Recording
Recording was done with an Active 2 acquisition system (Biosemi, the Nether-
lands) using sintered Ag/AgCl electrodes, at a sampling rate of 1024 Hz with
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is suitable for 64 electrodes according to the extended 10-20 system was used in
all experiments (http://www.biosemi.com/pics/cap_64_layout_medium.jpg). All
64 electrodes were used in experiment 1. However, due to the position of the
head-mountedeyetrackeron topof theEEGcap inexperiments2and3,asubset
of 35 electrodes was used in those experiments (AFz, F1, F2, F3, F4, Fz, FC1,
FC2, FC3, FC4, FCz, CP1, CP2, CP3, CP4, CP5, CP6, CPz, P1, P2, P3, P4,
P5, P6, P7, P8, Pz, PO3, PO4, PO7, PO8, POz, O1, O2, Oz). Seven additional
electrodes were placed: two on the mastoid processes, two horizontal EOG
channels lateral to the left and right eyes’ lateral canthi, two vertical EOG chan-
nels, one below (infraorbital) and one above (supraorbital) the right eye, and
a channel on the tip of the nose. All electrodes were referenced during recording
to a common-mode signal (CMS) electrode between POz and PO3 and were
subsequently rereferenced digitally (see analysis below). See http://www.
biosemi.com/faq/cms&drl.htm for more detail on this setup.
Eye Movement Recording
Binocular eye movements were monitored using an Eyelink II infrared video-
oculographic head-mounted system (SR Reasearch Ltd, Osgoode, ON,
Canada), which has a spatial resolution of 0.01. Left and right eye position
data were recorded continuously at a rate of 500 Hz and saved for off-line anal-
ysis. The time of triggers sent from the stimulation computer were recorded
alongside the eye position.
EEG Analysis
The EEG was analyzed using Brain Vision Analyzer software (version 1.05,
Brain Products, Germany) and Matlab (version 7.0.1, Mathworks, USA).
Data from all channels were referenced off-line to the nose channel (except
for specific analyses, in which we used the average of all channels, including
the ocular channels but not the nose, as reference). The data were digitally
high-pass filtered at 0.5 Hz (24 dB/octave) to remove slow drifts, using a Butter-
worth zero-shift filter. In experiments 2 and 3, a notch-filter of 50 ± 2 Hz (24 dB/
octave) was also used to remove contamination from electrical noise emitted
by the nearby eye-tracker hardware. For specific analyses, an additional band-
pass zero-phase Butterworth filter of 30–100 Hz (24 dB/octave) was applied,
as indicated in the text. The impulse response of the filter is shown in
Figure S4. For experiment 1, activity due to blinks was removed from the
data before segmentation, using the independent component analysis (ICA)
method (Jung et al., 2000), as implemented in the Brain Vision Analyzer soft-
ware. In addition, epochs with gross eye movements and other artifacts
were rejected using an amplitude criterion of ± 100 mV. Data were then seg-
mented into epochs starting from 300 ms prior to stimulus onset until 700 ms
poststimulus onset. For experiments 2 and 3, blinks and other artifacts were
rejected after segmentation by applying an automatic threshold of ±100 mV
on all channels and by visually inspecting for the few remaining small blinks
that were below this threshold.
The time-frequency analysis was done using a complex Morlet’s wavelet
with a constant ratio of f/sf = 12, where f is the central frequency and sf is the
standard deviation of the Gaussian-shaped wavelet in its frequency domain
(Tallon-Baudry and Bertrand, 1999; Tallon-Baudry et al., 1996). This procedure
was applied to frequencies ranging from 20 Hz to 100 Hz in steps of 1 Hz. The
wavelet calculation was baseline corrected, using the baseline range of200 to
100 ms prior to stimulus onset. The wavelet analysis was performed on single
trials, and the resulting single-trial spectrograms of the absolute values were
averaged. These averages thus include both activity that is phase locked to
the stimulus (‘‘evoked’’) and activity that is only loosely time locked (‘‘induced’’
proper). Adopting the common terminology, we use the term ‘‘induced gamma
activity’’ to describe this total activity and hence refer to the increase at 200–300
ms in this activity as ‘‘induced gamma-band response’’ (iGBR).
For the group analysis of experiment 1, we used an unbiased spectrotempo-
ral ‘‘region of interest’’ based on the peak activity averaged across all subjects
and conditions. This included a window of 200–300 ms and 30–90 Hz at a clus-
ter of six central-parietal channels (CPz, Pz, CP1, CP2, P1, P2) showing the
maximal activity. The average power within this ROI served as the dependent
variable for the subsequent analyses of iGBR. For the second and third exper-
iments, the same temporal ROI was used (200–300 ms) but a wider frequency
range of 30–100 Hz was chosen to allow for more variability in single trials. Forthese experiments, we report only channel CPz analyses, but the effects were
similar across many adjacent electrodes.
Source analysis was performed with the BESA software (Megis software,
Germany), used here as a hypothesis testing tool, to examine the hypothesis
that the spike potential was ocular in origin. Two dipoles were fixed at the
orbits and allowed to rotate freely during an iterative search for a model that
best explains the recorded scalp distribution. A four-shell ellipsoidal head
model was used with conductivities of 0.33, 0.33, 0.0042, and 1 for the brain,
scalp, bone, and CSF, respectively. The period of 0–6 ms postsaccade onset,
surrounding the grand average SP peak across subjects, was modeled.
Spike Detection
To create the raster plots of EEG spikes along time, we calculated the mean
and standard deviation of voltage of the 30–100 Hz filtered data at CPz for
each subject and selected the peaks exceeding two standard deviations of
the mean (three standard deviations were used to produce Figure 3, to reduce
the overall number of spikes for graphical reasons. This did not alter the shape
of the distribution of the spikes).
Eye Movement Analysis
Eye movements were analyzed with Matlab (version 7.0.1, Mathworks,
USA). Eye position data at the vertical and the horizontal axes were segmented
to the same epochs as the EEG data (300 until 700 post stimulus onset).
Saccades were detected and measured from the eye-tracker data using the
algorithm designed by Engbert and Kliegl (2003) for the detection and quanti-
fication of binocular saccades based on a two-dimensional velocity space for
the eyes’ trajectories (the Matlab code is kindly provided at http://www.agnld.
uni-potsdam.de/ralf/MS), adjusted for a 500 Hz sampling rate. For analysis of
saccades related to the iGBR, we analyzed saccades occurring within the
iGBR window, ±50 ms (i.e., 150–350 ms). We refer to a trial as a ‘‘saccade trial’’
when a saccade was found by the algorithm at that time window and as a
‘‘nonsaccade trial’’ otherwise. In the few cases where two saccades occurred
within the 150–350 ms, we used the larger saccade for correlational analyses
(see below) between saccades and iGBR.
Statistical Analyses
Experiment 1 was analyzed using a standard within-subject (repeated-mea-
sures) two-way ANOVA with factors Coherence and Bars, with subjects’ aver-
age gamma magnitude within the ROI (see above) as dependent variable.
In experiments 2 and 3, iGBR analyses were done on single-trial data rather
than on subject averages. To avoid biasing by outliers, the few outlier trials with
saccades of above 100’ in the inspected time window were not included in the
analysis.
The latency correlations of the saccades and the gamma activity in experi-
ments 2 and 3 were calculated across trials for each subject using Pearson’s r.
For all trials, the latency of the absolute maximal peak of the 30–100 Hz filtered
EEG data, at the range of 150–350 ms, was determined and correlated with the
onset latency of the saccade in the same range.
To assess the relation between saccades and the iGBR, we sampled the
mean iGBR magnitude at the ROI window in every trial and tested whether
there was a significant difference between saccade and nonsaccade trials
across subjects. To allow generalization, this analysis was done using a mixed
ANOVA with condition and saccade presence (1 for saccade trial and 0 for
nonsaccade trial) as fixed factors and subjects as a random factor. In addition,
we used one-sample two-tail t tests to check the existence of iGBR in the
analyzed ROI compared to 0 separately for trials without saccades and for
trials with saccades, in each subject (because the data were baseline cor-
rected, this is equivalent to a paired-sample test against the baseline). In this
stage, to avoid biasing the analysis by the fact that the number of saccade
and nonsaccade trials was unequal, we randomly selected from the larger
group of trials a subset of trials of the same size as the smaller group. A repe-
tition of the analysis including all trials yielded similar results.
The variation of saccade amplitude between conditions in the second exper-
iment was examined by running a mixed-model ANOVA on saccade trials only,
with saccade amplitudes (at the 150–350 ms window) as the dependent vari-
able, Coherence (Coherent/Incoherent) and Bars (2/30) as fixed factors, and
subjects as random factor. For the analysis of the third experiment, one fixedNeuron 58, 429–441, May 8, 2008 ª2008 Elsevier Inc. 439
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ysis. The effects of saccade amplitude on the gamma power were assessed
with a mixed-design analysis of covariance of the iGBR, with subjects as a ran-
dom factor and saccade amplitude as a continuous variable. Trials with no
detected saccades were considered as having amplitude of zero. Outlier trials
containing saccades with amplitudes above 100’ at the inspected time
window were removed from both analyses.
SUPPLEMENTAL DATA
The Supplemental Data for this article, which include Supplemental Figures,can
be found online at http://www.neuron.org/cgi/content/full/58/3/429/DC1/.
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